In this report, we propose a photonic crystal heteroslab-edge microcavity design for optical index sensing, where the high quality ͑Q͒ surface mode is confined by mode-gap effect. By optimizing the barrier region of the microcavity, high Q factor of 6.6ϫ 10 5 is obtained in simulations. Lasing actions with high Q factor and low threshold of 6400 and 0.55 mW are obtained from the real devices. High index sensing response and small detectable index variation of 625 nm per refractive index unit and 3. For the past decades, the surface plasma wave 1 has been widely applied in demonstrating various optical sensors for chemical and biological applications, for example, gas compositions detecting, label-free biosensing, drug discovery, and so on. The surface plasma wave usually appears at the interface between metal with attenuation coefficient and dielectric material. Due to the field concentration at the surface of material, ultrahigh sensitivities in various designs have been proposed and demonstrated. [2] [3] [4] Generally, the surface plasma wave does not exist at the interface between dielectric materials. However, for photonic crystals ͑PhCs͒, due to the photonic band gap ͑PBG͒ effect, the surface wave can be sustained and propagate along the dielectric interfaces of two-dimensional ͑2D͒ and three-dimensional ͑3D͒ truncated PhCs. 5, 6 Typically, in a 2D truncated PhC slab surrounded by air shown in Fig. 1͑a͒ , the surface wave is sustained in the slab edge both by PBG and total-internal reflection effects. In recent years, lots of interesting designs based on surface wave in 2D PhCs have been reported, including optical filters, 7 couplers, 8 waveguides with high transmissions and collimated emissions, 9-11 microcavities, [12] [13] [14] and so on, which are expected as important components in constructing versatile photonic integrated circuits ͑PhICs͒. Among above designs, the optical microcavities attract lots of attentions due to the abilities of well-confining photon flow locally in a condensed size and can be easily fused with other components by side-coupling ridge waveguides 7 in PhICs. By designing various PhC mirrors in truncated PhC slabs, microcavities with confined surface waves can be formed, which have been initiatively demonstrated and discussed recently. [12] [13] [14] One of the most attractive applications for optical microcavity is the optical index sensor. Very recently, highsensitivity and condensed index sensors based on PhC defect micro-and nanocavities have been demonstrated and optimized theoretically, 15, 16 which show the abilities of sensing very small index variation in very condensed size. In these reports, to increase the environmental index sensing response ͑R n ͒, the defect mode fields are extended into environmental material ͑air͒ by modifying cavity geometries. High R n values of 350 and 512 nm/RIU ͑refractive index unit͒ have been reported in experiments 15 and simulations, 16 respectively. To further increase R n , intuitively, the PhC microcavity with confined surface wave would be a very good candidate because the mode field extends into environmental material, which has not been addressed and discussed in literatures. Besides, in addition to high R n value, high quality ͑Q͒ factor mode is also needed to provide fine optical spectral resolution and leads to high index sensitivity. Thus, in this report, we propose, fabricate, and characterize a PhC heteroslabedge ͑HSE͒ microcavity design, where the surface mode is confined by mode-gap effect. The Q factor of surface mode is optimized in simulations by fine tuning the PhC barrier of the microcavity, which is aimed at achieving a highsensitivity optical index sensor.
The scheme of a typical 2D truncated PhC slab surrounded by air is shown in Fig. 1͑a͒ . Different truncated terminations will lead to different surface mode profiles, which have been investigated in several reports. 5, 6, 12 The definition of the termination parameter is also shown in Fig. 1͑a͒ the surface mode frequency lies near the midgap of PBG region. The dispersion curve of this surface mode obtained by plane-wave-expansion method is shown as the peach curve in Fig. 1͑b͒ . The unit cell ͑denoted as H 1 ͒ and the simulated surface mode with energy concentrations in the air are shown in Fig. 1͑c͒ . To confine the surface mode at the slab edge locally, we design a barrier region by shrinking and shifting the air holes at the slab edge, which is shown and denoted as H 2 in Fig. 1͑c͒ . When the air holes are modified as described above, the surface mode frequency will become lower as shown by the purple curve in Fig. 1͑b͒ . For a 2D truncated PhC HSE interface formed by slab-edges H 1 and H 2 shown in Fig. 1͑d͒ , the surface mode with frequency inside the range indicated by green shadow region in Fig. 1͑b͒ will propagate in slab-edge H 1 and regards the slab-edge H 2 as a mirror, which forms the well-known mode-gap effect.
17,18 Thus, we can design a microcavity by applying double HSE interfaces as shown in Fig. 2͑a͒ , which is named PhC HSE microcavity.
In our PhC HSE microcavity design, the air-hole radius ͑r͒ over lattice constant ͑a͒ ͑r / a͒ ratios of PhC lattice ͓white circles in Fig. 2͑a͔͒ and microcavity region ͑red circles͒ are the same ͑fixed r and a͒ and set to be 0.36 initially. The microcavity length L, , and slab thickness are set to be 10a, 0.25, and 220 nm, respectively. The barrier region with mode-gap effect is designed by shrinking and shifting the air holes at the slab edge, as illustrated in Fig. 1͑c͒ . To obtain high Q microcavity, the air holes of the barrier region are shrunk and shifted gradually, from orange to purple circles shown in Fig. 2͑a͒ . The number of periods of the gradual barrier region is denoted as B. This gradual barrier design is mainly expected for gentle mode-gap confinement 17, 18 and the reduction of optical scattering losses in the barrier region.
The r / a ratios of the remaining outer barrier region with purple circles in Fig. 2͑a͒ are kept the same, and the r / a ratio difference between microcavity and outer barrier is denoted as ⌬r / a. Thus, the r / a difference between air holes in the gradual barrier region is ⌬r / a ϫ 1 / B.
To optimize the Q factor of PhC HSE microcavity, we vary the parameter B from 0 to 5 with ⌬r / a = 0.03. The simulated Q factor and effective mode volume V by a 3D finitedifference time-domain ͑FDTD͒ simulations are shown in Fig. 2͑b͒ . When B =0 ͑no gradual barrier͒, the low Q factor of 2.8ϫ 10 4 is mainly attributed to the scattering losses of the HSE interface with sharp r / a ratio variation between barrier and microcavity. Once the gradual barrier periods increase, the gentle confinement due to gentle r / a ratio variation will be provided, which leads to the increased Q factor. When B = 5, the Q factor increases to 2 ϫ 10 5 . Besides, the mode volume also increases monotonically with B. This indicates the mode profile extends more into the gradual barrier region, which is caused by the gentler mode confinement. 17 Then we further optimize the Q factor by varying ⌬r / a from 0.01 to 0.1 when B = 5. The simulated results are shown in Fig. 2͑c͒ . When ⌬r / a is small, the mode-gap confinement is weak and the mode will extend into the barrier, which leads to low Q factor and large mode volume. On the other hand, when ⌬r / a becomes too large, extra scattering losses are induced due to sharp mode confinement. Therefore, the Q factor is decreased and less mode profile extends into the gradual barrier region, which leads to small mode volume. Thus, we obtain an optimized high Q factor of 6.6ϫ 10 5 when ⌬r / a = 0.04 with V of 2.25ϫ ͑ / n͒ 3 . The simulated surface mode profiles in electrical field in x-z and x-y planes are shown in Fig. 2͑d͒. From Fig. 2͑d͒ , one can observe the significant electrical field concentrations in the air region, which implies high sensitivity of this surface mode to the environmental index variation.
In fabrication, the real devices are fabricated on an epitaxial structure consisting of four 10 nm InGaAsP quantum wells by electron-beam lithography and a series of reactive ion etching and inductively coupled plasma etching process. Then the membrane structure is formed by HCl selective wet-etching process. The scanning electron microscope ͑SEM͒ pictures of fabricated PhC HSE microcavity are shown in Figs. 3͑a͒-3͑d͒ . The fabricated , a, r / a, ⌬r / a, L, and B are 0.24, 510 nm, 0.38, 0.08, 10a, and 5, respectively. The ⌬r / a is a little enlarged due to proximity effect from electron-beam lithography, which can be further optimized.
The devices are optically pumped by a pulsed diode laser with 0.5% duty cycle at room temperature. The typical light-in light-out ͑L-L͒ curve is shown in Fig. 4͑a͒ and the threshold is estimated to be 0.55 mW at pump position A. The lasing spectrum near 1550 nm is shown in Fig. 4͑b͒ by curve A. The measured spectral linewidth near threshold is estimated to be 0.24 nm by Lorentzian fitting, which is shown in the inset of Fig. 4͑a͒ and corresponds to a Q factor of 6400. To further confirm light localization at the HSE microcavity, the pump position is moved outside the microcavity to positions B, C, and D, respectively, and no lasing action is observed, as shown in Fig. 4͑b͒ . Besides, the measured polarization with polarized ratio of 8 shown in the inset of Fig. 4͑b͒ also indicates the surface mode resonance along the slab edge. To address the potential of our PhC HSE microcavity serving as a high-sensitivity index sensor, we calculate the R n value by setting the environmental index from 1 ͑air͒ to 1.02 ͑with gases͒ in 3D FDTD simulations. The optimized HSE microcavity design with Q factor of 6.6ϫ 10 5 in Fig.  2͑c͒ is applied. The calculated wavelength variation of 12.5 nm when the environmental index varied from 1 to 1.02 is shown in Fig. 4͑c͒ , which corresponds to a large R n value of 625 nm/RIU. This is mainly attributed to the characteristic of surface mode field extending into the environmental air region, which leads to high sensitivity to environmental index variation. The detectable index variation ⌬n det can be obtained by inserting R n and Q into following expression:
where and / Q denote the wavelength and optical spectral linewidth, respectively. The calculated ⌬n det is as small as 3.6ϫ 10 −6 . This small value actually can be further decreased by optimizing the parameter and r / a ratio of PhC HSE microcavity for higher R n value and Q factor. We believe the very small ⌬n det close to that of conventional interferometer can be expected and achieved by this PhC microcavity design, which is with very condensed device size.
In summary, we propose a PhC HSE microcavity design for serving as an optical index sensor, where the high Q surface mode is confined by mode-gap effect provided by the gradual barrier design. By optimizing the parameters B and ⌬r / a of the gradual barrier region in 3D FDTD simulations, we obtain high Q factor of 6.6ϫ 10 5 from the confined surface mode. In experiments, the surface mode lasing action with high Q factor and low threshold of 6400 and 0.55 mW is obtained from the real devices. Besides, based on this HSE microcavity design, high index sensing response R n and small detectable index variation ⌬n det of 625 nm/RIU and 3. 4 . ͑Color online͒ ͑a͒ L-L curves and spectrum near threshold with Lorentzian fitting. ͑b͒ Lasing spectrum ͑curve A͒ near 1550 nm when pumping the cavity region ͑position A͒ and spectra ͑curves B, C, and D͒ when pumping outside the cavity region ͑positions B, C, and D͒. The measured polarization with polarized ratio of 8 is also shown. ͑c͒ The simulated surface mode wavelength variation of 12.5 nm when the environmental index is varied from 1 to 1.02.
